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ABSTRACT 

Tunneling  spectroscopy  is  used  to  study  the  chemisorption  of  CO  on  small 
nickel  particles.  The  particles  are  grown  from  vapor  on  a  thermally  oxidized 
aluminum  substrate.  Carbon  monoxide  is  observed  to  chemisorb  in  at  least  four 
distinct  ways,  giving  CO  stretching  frequencies  of  256. 5,  246,  222  and  207  meV. 
The  256.5  meV  species  has  low  frequency  modes  at  45.5  and  59-5  meV.  The  low  fre¬ 
quency  modes  of  the  remaining  three  species  are  not  resolved  sufficiently  for 
identification.  The  frequencies  of  all  modes  were  found  to  have  some  coverage 
dependence.  The  largest  shift  Is  seen  in  a  CO  stretching  vibration  that  moves 
from  200  to  207  meV  with  Increasing  coverage.  The  effect  of  H2  co-adsorption 
is  examined  and  evidence  for  the  presence  of  oxygen  on  the  particles  is  pre¬ 
sented.  The  reaction  of  the  chemisorbed  CO  with  H2  on  these  nickel  particles 
is  found  to  produce  very  little  surface  hydrocarbon  in  contrast  to  results  found 
previously  for  rhodium  particles  under  similar  conditions. 


I.  Introduction 


Vibrational  spectroscopy  is  a  powerful  tool  for  the  investigation  of  the 

chemisorption  of  molecules  on  surfaces.*  The  complete  vibrational  spectrum  of 

2  3 

an  adsorbate  can  give  information  on  the  adsorption  site,  the  structure  and 

4 

the  orientation  of  the  surface  species.  Comparisons  between  species  can  give 

c 

further  information  as  to  relative  bond  strengths,  the  effects  of  co-adsorption 
of  various  species,^  and  identify  reaction  pathways. ^  For  the  chemisorption  of 
CO  on  nickel  the  CO  stretching  vibration  is  evidence  for  non-dissociatlve  ad¬ 
sorption.  The  comparison  of  stretching  frequencies  between  species  gives  infor- 

8 

mat  ion  about  the  number  and  types  of  adsorption  sites.  Vibrational  spectra  for 

q 

the  adsorption  of  CO  on  nickel  has  been  obtained  with  both  electrons  and  pho¬ 
tons.^  The  surfaces  studied  range  from  single  crystal  faces**  to  supported 

12  13-21 

particles.  In  this  work  inelastic  electron  tunneling  spectroscopy  is 

used  to  study  the  chemisorption  of  CO  on  alumina-supported  nickel  particles. 

Other  recent  appl i cat  ions  of  tunneling  spectroscopy  to  problems  in  catalysis 

17  3 

have  included  studies  of  CO  adsorption  and  hydrogenation  on  alumina-supported 

18  19 

Rh,  CO  adsorption  on  alumina-supported  Fe,  partial  oxidation  on  alumina, 

chemisorption  on  alumina-supported  Ag,20  and  supported-complex  catalysts.2* 

22  23  2U  25 

The  spectral  range,  sensitivity,  3  resolution  and  selection  rules 

of  tunneling  spectroscopy  allow  the  observation  of  new  vibrational  modes  in  this 

well-studied  system  in  the  low  frequency  region.  Although  the  CO  stretching 

mode  is  thought  to  be  broadened  and  downshifted  for  modes  with  large  dipole 
26 

derivatives  at  least  four  types  of  adsorption  are  observed  In  this  region. 

One  species,  with  vibrations  at  256.5,  59-5  and  k5.5  meV  compares  very  favorably 

27 

with  the  "on-top"  species  found  in  ELS  experiments.  The  low  frequency  modes 
of  the  remaining  three  species  are  found  within  the  frequency  range  kO  meV  to 
70  meV,  but  are  not  resolved.  The  identification  of  linear  vs.  bridged  adsorption 
is  not  attempted  for  these  species  other  than  to  note  that  the  assignment  of  an 
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assymetrlc  NI-C  stretch  of  a  "ke tonic"  bridging  species  below  67  meV  requires  an 

28 

unexpectedly  small  Ni-C  force  constant.  We  find  it  interesting  to  note  that 
the  frequencies  of  two  of  these  species,  at  220-222  and  243-246  meV  compare  favor¬ 
ably  with  those  found  for  CO  on  Ni  (100)  p  (2x2)  0,  without  correction  for  pos- 
sible  downshifts.  The  co-adsorption  of  with  CO  on  these  particles  causes 
the  formation  of  OH  groups,  which  also  suggests  that  there  is  oxygen  on  the  parti¬ 
cles.  The  experiments  with  hydrogen  and  CO  also  show  new  vibrations  at  510  and 
80  meV.  The  mode  near  80  meV  has  been  reported  in  the  1 i terature;^  the  mode  at 
510  meV  is  due  to  In  the  junctions.  Heating  of  junctions  In  H2  Is  seen  to  form 
very  little  surface  hydrocarbon. 


II.  Experimental  Methods 

The  fabrication  of  tunneling  Junctions  for  inelastic  electron  tunneling 
spectroscopy  involved  four  steps: 

a)  the  formation  of  a  bottom  electrode,  usually  aluminum; 

b)  the  oxidation  of  the  bottom  electrode  to  form  an  insulating  barrier; 

c)  the  doping  of  the  insulator  surface  with  the  substance  to  be  studied; 

d)  the  completion  of  the  tunneling  junction  with  a  top  electrode,  usually 
lead. 

The  details  of  steps  a),  b)  and  d)  are  well  reported  in  the  literature.^  ^ 

Step  c)  will  bediscussed  below.  The  electronics  used  for  spectrum  measurement 
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have  been  previously  discussed.  The  dopant  in  this  work  is  small  nickel  parti¬ 
cles  formed  by  the  evaporation  of  nickel  wire  from  a  tungsten  filament.  The 
particles  are  grown  on  the  oxidized  aluminum  surface  while  it  Is  held  near  150K. 
This  reduced  temperature  is  necessary  to  obtain  spectra  without  large  background 
structure  believed  to  be  due  to  the  formation  of  large  particles.  ’  The  size 
of  the  particles  is  also  kept  small  by  evaporating  only  small  amounts  of  nickel 
as  measured  by  a  quartz  microbalance.  The  spectra  shown,  with  one  noted  excep¬ 
tion,  are  for  junctions  with  nickel  loadings  that  correspond  to  approximately  one 
monolayer.  The  size  of  the  particles  that  form  have  not  been  measured  directly, 
but  by  reference  to  previous  work'^  are  expected  to  have  diameters  on  the  order 
of  10  A. 

The  particles  can  be  formed  in  ultra-high  vacuum  or  in  the  presence  of 
gases.  The  spectra  shown,  with  one  noted  exception,  are  for  nickel  particles 
formed  In  pressures  of  CO,  typically  10  ^  Pa  (7.5  x  10  ^  ton).  The  spectra  ob¬ 
tained  are  very  sensitive  to  the  temperature  of  the  surface  during  the  evaporation 
of  the  top  lead  electrode.  After  the  top  electrode  is  deposited,  ail  junctions  are 
warmed  to  room  temperature  prior  to  measurement  at  4.2K. 
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III.  Results 


Figure  1  shows  four  spectra  obtained  from  the  chemisorption  of  CO  on  nickel 
particles.  The  nickel  was  given  a  saturation  exposure  of  CO  at  I50K  in  each  case 
followed  by  warming  in  vacuum  to  the  following  temperatures  prior  to  the  lead  eva~ 
poration:  a)  296K;  b)  284K;  c)  273K;  and  d)  250K.  The  CO  is  observed  to  desorb 
with  increasing  temperature.  Spectrum  d)  has  four  chemisorbed  species  as  evidenced 
by  the  four  distinct  CO  stretching  frequencies.  Spectra  c) ,  b)  and  a)  each  have 
three,  two  and  one,  respectively.  Junctions  warmed  more  than  300K  prior  to  com¬ 
pletion  have  no  chemisorbed  CO.  While  it  is  not  possible  to  resolve  and  assign 
each  observed  mode,  some  frequencies  can  be  measured  from  figure  1.  Spectrum  a) 
contains  peaks  at  50.5  meV  and  240  meV.  The  measureabte  frequencies  of  spectrum 
b)  are  49.5  meV,  a  shoulder  near60meV,  218  meV  and  24l  meV.  The  modes  in  spec¬ 
trum  c)  are  found  at  48.5  meV,  58  meV,  65  meV,  200  meV,  219  meV  and  242  meV. 
Finally,  the  frequencies  of  spectrum  d)  have  a  maximum  at  50  meV  in  the  low  fre¬ 
quency  region,  with  shoulders  at  53  meV,  59  meV  and  65  meV.  The  high  frequency 
region  has  a  new  mode  at  256.5  meV  in  addition  to  modes  at  243  meV,  220  meV  and 
a  weak  mode  near  200  meV. 

Figure  2  examines  the  temperature  range  from  225K  to  273K  for  junctions 
formed  as  in  figure  1  with  the  exception  that  the  CO  was  not  removed  from  the 
chamber  prior  to  the  lead  evaporation.  The  transition  from  four  chemisorbed 
species  to  three  is  still  observed,  but  the  frequencies  are  slightly  shifted 
from  figure  1  and  all  modes  are  more  intense.  The  frequencies  measured  in  figure 
2  are: 

spectrum  a)  50  meV,  a  shoulder  near  60  meV,  205  meV  220  meV  and  244  meV; 
spectrum  b)  a  shoulder  near  45  meV,  48.2  meV,  shoulders  at  52.8  meV, 

59.2  meV  and  65* 9  meV  CO  stretching  peaks  at  206  meV,  221  meV,  245  meV  and  255  meV; 

spectrum  c)  45.5  meV,  53  meV,  59 -5  meV,  207  meV,  222  meV,  246  meV  and 
256.5  meV. 
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Figures  3  and  4  show  the  spectra  of  a  junction  fabricated  as  in  figure  2, 
trace  c)  that  has  been  heated  in  vacuum  after  junction  completion.  The  presence 
of  the  lead  electrode  is  seen  to  give  thermal  stability  to  the  chemisorbed  species. 
The  traces  show  the  desorption  of  the  adsorbed  CO  for  heatings  to  300K,  320K  and 
340K.  Frequency  shifts  are  again  observed  as  the  CO  desorbs.  The  magnitudes  and 
directions  of  the  shifts  are  the  same  as  measured  in  figures  1  and  2.  Over  all 
it  is  seen  that  the  surfaces  that  have  desorbed  CO  have  frequencies  lower  than 
those  with  saturation  exposures. 
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IV.  Discussion 


The  chemisorption  of  CO  on  nickel  surfaces  has  long  been  known  to  be  com- 
33  34 

plex.  *  The  observation  of  four  distinct  species  in  figures  1,2  and  3  re¬ 
flects  this  complex  nature  once  again.  The  presence  of  many  types  of  surface 
species  complicates  the  interpretation  of  vibrational  spectra.  Identifications 
of  species  based  on  frequency  comparisons  between  compounds  instead  of  on  vibra¬ 
tional  analysis  of  complete  vibrational  spectra  are  subject  to  uncertainties  and 
are  often  the  subject  of  controversy.  An  example  of  this  is  the  discussion  of 
the  assignment  of  CO  stretching  modes  above  2,000  cm  '  as  due  to  linear  species 
and  those  below  2,000  cm  '  as  due  to  bridging  species.^  Arguments  both  for^ 
and  against^  this  rule  can  be  found  in  the  literature  based  on  frequency  com¬ 
parisons  between  compounds.  As  a  result,  we  do  not  identify  the  three  lowest 
species  as  to  adsorption  site.  Assignments  found  in  other  works  for  similar 

spectra  have  identified  the  highest  frequency  as  a  linear  species,  and  the  lower 

38 

frequencies  as  CO  bonded  on  two-fold,  three-fold  and  four-fold  sites. 

The  species  with  vibrations  at  265-5,  59-5,  and  45-5  meV  can  be  identified 
as  a  linear  species.  Confirmation  of  this  identification  is  possible  with  iso¬ 
topes;  the  two  low  frequency  modes  are  predicted  to  shift  as  stretching  and  bending 
39  9  1 1  27 

vibrations.  By  comparison  to  ELS  studies  '  *  that  see  vibrations  near  59.5 

and  256.5  meV,  with  the  assumptions  that  the  dipole  selection  rule  holds  and  that 

ho 

the  species  is  perpendicular  to  the  surface,  the  59-5  meV  vibration  should  be 

the  Ni-C  stretching  mode,  and  the  45-5  meV  vibration  the  Ni-CsO  bending  mode. 

This  assignment  is  supported  by  tunneling  studies  with  isotopes  on  the  chemi- 

17  )8 

sorption  of  CO  on  other  metals.  '*  Linearly  adsorbed  CO  on  Rh  has  bend/stretch 

4l 

vibrations  at  51.6/70  meV  and  58.1/73  meV  for  the  two  species  observed.  In  both 
cases  the  bending  frequency  is  found  approximately  15  meV  below  the  stretching  fre¬ 
quency. 
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The  identification  of  this  linear  species  with  the  "on-top"  species  observed 

elsewhere  leads  to  the  comparison  of  observed  peak  positions  and  peak  widths.  In 

general  tunneling  spectra  of  CO  stretching  vibrations  have  been  found  to  be  down- 

17  18 

shifted  from  published  I.R.  frequencies.  '  *  This  downshift  has  been  previously 

explained  as  an  image  dipole  effect  resulting  from  the  presence  of  the  top  lead 
26 

electrode.  The  magnitude  of  the  shift  is  predicted  to  vary  with  the  square  of 
the  dipole  derivative  and  inversely  with  the  cube  of  the  oscillator-electrode  se¬ 
paration.  The  observed  frequency  of  the  linear  CO  stretching  vibration  on  Ni  is 
not  appreciably  downshifted  from  that  reported  in  other  studies.  In  addition, 
the  width  of  the  observed  vibration  is  less  than  k  meV,  in  contrast  to  the  normally 
observed  widths  of  10-12  meV.  While  at  present  we  cannot  distinguish  between  a 

smaller  than  normal  dipole  derivative  and  a  larger  than  normal  lead-molecule  dis- 

27 

tance,  it  is  interesting  to  note  that  W.  Erley  et  al.  find  the  dynamical  dipole 
moments  for  this  species  to  be  three  times  smaller  than  those  of  another  species 
Ni.  This  would  imply  nine  times  smaller  peak  downshifts. 

The  failure  to  resolve  the  low  frequency  modes  of  the  remaining  species 
prevents  reliable  assignments  as  to  their  linear  or  bridging  nature.  This  is  a 
disappointment  because  tunneling  spectroscopy  is  theoretically  able  to  resolve 
the  controversy  between  linear  and  bridged  adsorption.  While  it  is  possible  that 
future  work  may  yet  resolve  the  low  frequency  modes,  at  present  the  most  that  can 
be  reliably  obtained  from  the  spectra  is  an  upper  limit  on  the  frequencies  in¬ 
volved.  Figure  k  shows  the  low  frequency  region  from  30  to  100  meV.  No  modes 

are  observed  above  67  meV.  This  restricts  the  Ni-C  force  constant  possible  for  a 

28 

"ketonic"  bridging  species.  Calculations  by  N.V.  Richardson  and  A.M.  Bradshaw 

indicate  that  an  "asymmetric  stretching"  frequency  below  67  meV  requires  a  Ni-C 

force  constant  of  approximately  half  that  of  the  linear  species. 

There  is  some  question  in  the  literature  as  to  the  presence  of  a  mode  near 
27  28  10 

81.5 lr  meV.  As  discussed  above,  we  do  not  see  a  mode  in  this  region  for  the 
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chemisorption  of  CO.  We  do  see  a  mode  near  80  meV  for  surfaces  exposed  to  hydrogen. 
Figure  5  shows  the  spectra  resulting  from  the  CO  adsorption  of  H^  and  CO  (spectra 
b,  c,  d)  and  0^  and  CO  (spectrum  a),  in  these  experiments  the  surface  was  exposed 
to  approximately  1  L  of  CO  after  Ni  particle  formation  in  vacuum.  Following  CO 
exposure  the  surface  was  given  a  saturation  exposure  to  hydrogen.  The  surfaces 
exposed  to  have  a  broad  vibrational  mode  near  80  meV  in  addition  to  a  mode  at 
50  meV  with  shoulders  at  43  and  60  meV  and  at  least  two  CO  stretching  modes. 

These  spectra  with  have  a  mode  at  510  meV.  This  mode  downshifts  to  266  meV 
with  the  substitution  of  0^  for  We  identify  this  species  as  molecular  hydro¬ 

gen  present  in  the  tunneling  junctions.  We  do  not  know  whether  or  not  it  is  chemi¬ 
sorbed  on  the  Ni  surface;  it  is  possible  that  it  is  physically  trapped  in  the 
junction  after  desorbing  from  the  Ni  particles.  We  note,  however,  that  junctions 
without  Ni  particles  in  these  experiments  do  not  have  the  vibrations. 

Figure  5  also  shows  the  formation  of  OH  (0D)  groups  on  the  surface.  Oxygen 
is  present  on  the  alumina  surface  in  OH  groups  prior  to  NI  particle  formation. 

During  the  Ni  evaporation  the  OH  groups  on  the  oxide  surface  are  destroyed.  The 
growth  of  OH  groups  with  exposure  to  and  0D  groups  with  exposure  to  0^  could 
be  due  to  oxygen  present  on  the  particles  reacting  with  the  hydrogen.  This  in¬ 
dication  of  oxygen  on  the  NI  surface  suggests  that  the  tunneling  frequencies 
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should  be  compared  to  those  of  surfaces  with  oxygen.  S.  Anderson  has  found  that 
CO  adsorbed  on  Ni(l00)  p  (2  x  2)  0  gives  CO  stretching  frequencies  of  220  meV 
and  245  meV,  frequencies  close  to  those  of  this  work.  The  uncertainty  in  fre¬ 
quency  measurement  due  to  possible  dipole  shifts,  however,  still  needs  to  be  re¬ 
solved. 

Finally,  completed  junctions  with  CO  chemisorbed  on  Ni  particles  were 
heated  in  H2.  Similar  experiments  with  Fe,  Co  and  Rh  have  formed  hydrocarbons 
from  the  CO.  Figure  6  shows  the  spectra  of  a  junction  prepared  with  three  times 
the  previous  Ni  loading  both  before  and  after  heating.  Junctions  with  less  Ni 
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form  no  detectable  hydrocarbons  upon  heating.  Junctions  with  this  increased 
amount  of  Ni  have  more  CO  adsorbed  as  the  lower  CO  stretching  frequency  species. 
The  low  frequency  band  maximum  is  at  58  meV.  After  heating  to  *>25K  very  little 
surface  hydrocarbon  is  formed.  This  is  in  contrast  to  similar  work  with  Rh 
particles,^  in  which  a  species  readily  forms  upon  heating.  This  is  consistent 
with  the  greater  selectivity  of  Ni  catalysts  for  methanation. 
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V.  Conclusions 


1)  CO  chemisorbs  on  alumina-supported  Ni  particles  tn  at  least  four  distinct 
ways. 

2)  One  of  these  species  has  low  frequency  modes  at  *>5.5»  59*5  meV  and  a  CO 
stretching  frequency  of  256.5  meV.  It  is  identified  as  a  linear  species. 

3)  The  identification  of  any  of  the  other  three  species  as  a  "ketonic"  bridging 
CO  species  requires  a  Ni-C  stretching  force  constant  no  more  than  one-half 
the  strength  of  the  Ni-C  force  constant  of  the  identified  linear  species. 

k)  All  frequencies  vary  with  the  amount  of  CO  coverage  of  the  surface.  Higher 
frequencies  are  observed  for  surfaces  with  saturation  coverages. 
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Figure  Captions 


Figure  I.  Tunneling  spectra  of  CO  chemisorbed  on  alumina-supported  nickel  parti¬ 
cles.  The  four  spectra  show  the  order  of  desorption  of  the  four  chemi¬ 
sorbed  species  as  the  temperature  of  Junction  fabrication  is  raised. 

The  junctions  were  completed  at  the  following  temperatures: 
a)  300K;  b)  285K;  c)  273K;  d)  250K. 

Figure  2.  Spectra  showing  the  correlation  of  the  peaks  at  44.5  meV  and  59*5  meV 
with  the  high  frequency  CO  stretch  at  256.5  meV.  The  loss  of  this 
species  with  increasing  temperature  of  junction  fabrication  Is  accom¬ 
panied  by  the  growth  of  a  species  seen  at  50  meV  and  244  meV.  The 
junctions  were  completed  at  the  following  temperatures: 
a)  273K;  b)  250K;  c)  225K. 

Figure  3.  Spectra  showing  the  desorption  of  the  chemisorbed  CO  with  increasing 
temperature  for  a  completed  junction.  The  thermal  stability  of  all 
four  species  is  greatly  increased  by  the  presence  of  the  top  Pb  elec¬ 
trode.  This  junction  was  fabricated  at  225K,  and  subsequently  warmed 
to  300K,  320K,  and  340K.  Note  the  downshifts  in  the  frequency  of  the 
CO  stretch  inodes  after  warming  (and  the  resultant  desorption  of  some 
CO).  All  spectra  were  taken  at  4.2K  with  a  modulation  voltage  of  2 
meV.  The  indicated  instrumental  resol tuion  Is  3.9  meV. 

Figure  4.  The  low-frequency  region  is  shown  to  contain  many  overlapping  vibra¬ 
tions  from  approximately  43  meV  to  67  meV.  No  vibrations  due  to  CO 
have  been  observed  In  the  frequency  range  67  meV  -  110  meVt  in  which  a 

ketonic-like  bridging  species  is  expected  to  have  a  Ni-C  (mostly  antl- 

.  28 

symmetric)  stretching  vibration.  Spectra  were  taken  from  the  junction 
used  in  figure  3,  but  with  a  reduced  modulation  voltage  of  1  meV. 

The  indicated  instrumental  resolution  is  2.6  meV. 
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Figure  5 


Figure  6 


The  addition  of  hydrogen  to  a  nickel  surface  preexposed  to  I  L  of  CO 
yields  vibrations  at  510  meV  for  and  266  meV  for  Dj.  The  presence 
of  Hj  also  produces  a  peak  of  450  meV  due  to  OH  groups  and  a  peak  near 
80  meV  possibly  due  to  hydrogen.  The  temperatures  of  junction  com¬ 
pletion  are: 

a)  273k;  b)  273K;  c)  280K;  and  d)  290K. 

It  Is  possible  to  form  hydrocarbons  from  chemisorbed  CO  by  heating 
completed  junctions  in  Here  a  Junction  prepared  with  CO  mostly 

chemisorbed  as  the  lower  CO  stretching-frequency  species  is  shown 
before  and  after  heating.  We  note  that  the  low  frequency  modes  In 
the  unheated  spectrum  are  not  resolved,  but  give  a  broad  band  with  a 
maximum  at  58  meV.  Upon  heating  the  CO  forms  very  little  surface 
hydrocarbon  as  evidenced  by  the  very  weak  CH  stretching  modes  seen  at 
365  meV.  This  is  in  contrast  to  similar  work  done  with  rhodium,  in 
which  a  C2  surface  species  easily  forms  upon  heating.* 
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